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Memory performance is crucial across the human life, from early
education to age-related decline. A new study in PLOS Biology
found that verbal learning can be enhanced by applying repetitive
transcranial magnetic stimulation (rTMS) over the left prefrontal
cortex.
Remembering previous experiences and learning new information determine much of our
mental life, from early childhood and formal education to age-related cognitive decline.
Accordingly, humans have always striven to enhance their memory performance, from ancient
mnemonic strategies [1] to modern neuroenhancement technology [2]. For example, deep
brain stimulation of the hippocampus and surrounding structures of the medial temporal lobe
has been shown to improve memory performance in neurosurgical patients [3]. Despite such
promising findings, the invasive approach obviously has less translational appeal compared to
noninvasive techniques, such as transcranial magnetic stimulation (TMS).
TMS produces fully reversible changes in brain activity by delivering magnetic pulses that
pass through the skull to the area of interest [4]. The body of TMS research used to modulate
memory constantly emerges and confirms that the dorsolateral prefrontal cortex is one of the
key regions for working and episodic memory processing [4,5]. This area is thought to control
sensory inputs represented and processed by the posterior cortex and mediate executive con-
trol, being involved in both the encoding and retrieval of episodic memories [5]. Several stud-
ies report that stimulation over the left prefrontal cortex improves memory performance in
patients with depression and schizophrenia. In healthy individuals, however, such interven-
tions have produced mixed and inconclusive results [5].
The new work by van der Plas and colleagues in this issue of PLOS Biology [6] takes an
important step toward a deeper understanding of the effect of repetitive transcranial magnetic
stimulation (rTMS) on memory encoding. Based on previous reports that fast (i.e., more than
5 pulses per second) prefrontal stimulation reduces memory, the authors assumed that pre-
frontal activity in the left dorsolateral prefrontal cortex has an inverse relationship to memory
performance. In the current study, the authors applied slow rTMS over the left dorsolateral
prefrontal cortex, hypothesizing that this procedure would suppress its activity and, thus,
boost the memory performance.
Specifically, each participant was presented with 2 lists of words and asked to keep these
words in mind. When the pAU : PleasenotethatasperPLOSstyle; thewordsubjectsshouldnotbeusedforhumanpatients:Hence; subjectðsÞhasbeenreplacedwithparticipantðsÞwhereapplicable=appropriate:articipants were present d with the first list, no stimulati n was
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applied. When the participants were presented with the second list, they received rTMS either
over the prefrontal cortex or over the vertex (the top of the head, Fig 1), a control site thought
to have relatively little influence over ongoing brain processes [7]. Shortly after this task, the
participants were asked to recall all words just presented: Those who received prefrontal inter-
vention recalled more words than those who received vertex stimulation. To ensure that this
was not merely a chance finding, the authors replicated their results using a within-subjects
design, where each participant received both prefrontal and vertex stimulation. Here, again,
the participants recalled more words from lists in which they received prefrontal stimulation
regardless of the word’s position in the list.
One of the most remarkable aspects of this study is the magnitude of the effects of prefron-
tal stimulation on memory: The increase in recall performance reached 10% to 20%, exceeding
effects seen in most other TMS or even invasive electrical stimulation approaches with similar
behavioral paradigms [3,4]. Of note, also the remarkable memory-boosting effects of mne-
monic encoding strategies such as the “method of loci” have been related to decreased prefron-
tal activation [1].
Apart from the effect of rTMS on memory performance, the authors also explored how
rTMS influences the neural activity of unstimulated areas. Interestingly, for the words that
were later remembered, prefrontal rTMS enhanced event-related beta suppression at posterior
areas. While the parietal cortex is hypothesized to have a role in attending to memory repre-
sentations [4], beta suppression is a known correlate of memory encoding. A further in-depth
analysis conducted in the current study revealed that enhanced beta suppression is driven by
steeper aperiodic (scale free) rather than periodic (oscillatory) activity. Given that the slope of
the aperiodic signal reflects the balance between excitatory and inhibitory electrical currents in
Fig 1. The effect of slow brain stimulation on different brain areas and memory performance. Applying slow (1 pulse per second)
rTMS over the left DLPFC (compared to the vertex at top of the head as control region) is associated with enhanced word memory
performance (10% to 20% increase). Apart from the effect of rTMS on memory performance, prefrontal stimulation causes enhanced
event-related beta suppression at the parietal cortex, a neural response known to be a correlate of memory encoding. However, a
further follow-up investigation reveals that increased beta suppression is driven by a steeper slope of aperiodic (scale free) rather than
periodic (oscillatory) activity, a feature that reflects a decreased excitation to inhibition ratio of neural electrical currents. DAU : AnabbreviationlisthasbeencompiledforthoseusedthroughoutFig1:Pleaseverifythatallentriesarecorrect:LPFC,
dorsolateral prefrontal cortex; EEG, electroencephalogram; rTMS, repetitive transcranial magnetic stimulation.
https://doi.org/10.1371/journal.pbio.3001404.g001
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the brain [8], the increased steepness of the aperiodic slope caused by prefrontal stimulation
can be interpreted as an induced shift toward the predominance of neural inhibition. In other
words, the prefrontal stimulation possibly propagates to the parietal cortex, applying an inhibi-
tory effect to it. An alternative interpretation, proposed by the authors, suggests that prefrontal
stimulation leads to enhanced functional connectivity between frontal and posterior regions
and, as a consequence, enhanced stimulus processing and improved memory performance.
While the study results generally are in line with the assumption that slow rTMS has an
inhibitory effect on neural activity, clearly directed inhibitory versus facilitative effects of slow
versus fast rTMS are far from being a settled issue in the field. Given this disagreement, it
would be interesting to test whether fast stimulation (considered to increase neural excitabil-
ity) is associated with a flatter aperiodic slope, which, in turn, reflects a higher excitation to
inhibition ratio.
To date, the importance of optimal balance between neural excitation and inhibition for
flexible behavior, information processing, and memory encoding becomes increasingly recog-
nized [9]. In this context, a deeper understanding of the effect of rTMS on the excitation to
inhibition ratio can have important clinical implications, especially in the conditions linked to
perturbations in this balance, such as epilepsy, autism, depression, and schizophrenia.
Considering the importance of memory function across the human life span, the current
findings might have implications in educational or professional training settings where large
amounts of information need to be memorized. Given that purely cognitive strategies for
memory enhancement are often seen as more appropriate for young and healthy participants
than direct stimulation of the brain [1,2], the study results might be of higher relevance for
clinical contexts: Enhancing memory function might help patients with mild cognitive
impairment, a population at high risk for developing AAU : PleasenotethatasperPLOSstyle; eponymictermsshouldnotbepossessive:Hence;AlzheimersdiseasehasbeenchangedtoAlzheimerdisease:lzheimer diseas and other types of
dementia. So far, available studies that used rTMS in mild cognitive impairment yielded incon-
clusive results, ranging from “no effect” to “improved everyday memory for at least 1 month”
[10]. This is likely due to several factors, most notably differences among the study designs and
methods. The memory enhancement approach reported in the current study might open new
strategies to counteract or delay the detrimental memory effects of dementia. No need to say
that in the face of an aging society and the lack of treatments for age-associated neurological
conditions, such options are highly needed.
However, both for healthy participants and dementia patients, one should keep in mind
that rTMS can cause several side effects, including headaches, mood changes, tinnitus, and, in
very rare cases, even epileptic seizures. Further, given that rTMS of a single site can influence
entire brain networks, a better understanding of the mechanism of rTMS action is critical for
identifying more precise targets for interventions in patients with psychiatric and neurological
disorders. Another key question is whether the empirical results reported in the current study
can be generalized to other memory processes—future research should assess whether the pro-
tocol reported here has an impact on memory tasks other than simple word learning. Despite
these limitations, the memory enhancement approach reported in the current study appears to
have promising potential, ranging from basic research to clinical interventions.
References
1. Wagner IC, Konrad BN, Schuster P, Weisig S, Repantis D, Ohla K, et al. Durable memories and efficient
neural coding through mnemonic training using the method of loci. Sci Adv. 2021; 7(10):eabc7606.
https://doi.org/10.1126/sciadv.abc7606 PMID: 33658191
2. Dresler M, Sandberg A, Bublitz C, Ohla K, Trenado C, Mroczko-Wąsowicz A, et al. Hacking the Brain:
Dimensions of Cognitive Enhancement. ACS Chem Nerosci. 2019; 10(3):1137–1148. https://doi.org/
10.1021/acschemneuro.8b00571 PMID: 30550256
PLOS BIOLOGY
PLOS Biology | https://doi.org/10.1371/journal.pbio.3001404 September 29, 2021 3 / 4
3. Ezzyat Y, Wanda PA, Levy DF, Kadel A, Aka A, Pedisich I, et al. Closed-loop stimulation of temporal
cortex rescues functional networks and improves memory. Nat Commun. 2018; 9(1):1–8. https://doi.
org/10.1038/s41467-017-02088-w PMID: 29317637
4. Yeh N, Rose NS. How can transcranial magnetic stimulation be used to modulate episodic memory?: A
systematic review and meta-analysis. Front Psychol. 2019; 10:993. https://doi.org/10.3389/fpsyg.2019.
00993 PMID: 31263433
5. Balconi M. Dorsolateral prefrontal cortex, working memory and episodic memory processes: Insight
through transcranial magnetic stimulation techniques. Neurosci Bull. 2013; 29:381–389. https://doi.org/
10.1007/s12264-013-1309-z PMID: 23385388
6. van der Plas M, Braun V, Stauch BJ, Hanslmayr S. Stimulation of the left dorsolateral prefrontal cortex
with slow rTMS enhances verbal memory formation. PLoS Biol. 2021;19(9):e3001363. https://doi.org/
10.1371/journal.pbio.3001363
7. Jung J, Bungert A, Bowtell R, Jackson SR. Vertex stimulation as a control site for transcranial magnetic
stimulation: a concurrent TMS/fMRI study. Brain Stimul. 2016; 9:58–64. https://doi.org/10.1016/j.brs.
2015.09.008 PMID: 26508284
8. Gao R, Peterson EJ, Voytek B. Inferring synaptic excitation/inhibition balance from field potentials. Neu-
roimage. 2017; 158:70–78. https://doi.org/10.1016/j.neuroimage.2017.06.078 PMID: 28676297
9. Foss-Feig JH, Adkinson BD, Ji JL, Yang G, Srihari VH, McPartland JC, et al. Searching for cross-diag-
nostic convergence: neural mechanisms governing excitation and inhibition balance in schizophrenia
and autism spectrum disorders. Biol Psychiatry. 2017; 81(10):848–61. https://doi.org/10.1016/j.
biopsych.2017.03.005 PMID: 28434615
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